Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disorder of the elderly with an annual incidence of approximately 1% in 65 ± 69 year-olds increasing to about 8% in 85 ± 95 year olds. 1 Over the past decade, there has been considerable effort towards unravelling the genetics of AD. A minor fraction of AD cases can be attributed to the autosomal dominant inheritance of mutations in either amyloid precursor protein (APP), 2 presenilin 1 (PSEN1), 3 or presenilin 2 (PSEN2). 4, 5 Together these may account for as much as 70%
of all early-onset AD cases, 6 but this represents only a small fraction of all AD cases. The vast majority of individuals afflicted with AD suffer from the non-familial (sporadic) form of the disorder, which is primarily evident in late-onset cases.
To date, the only well-replicated genetic risk factor for sporadic AD is possession of the e4 allele of the gene encoding apolipoprotein E (APOE). 7 ± 9 Estimates are that genetic variance in AD. 10, 11 Thus, a large proportion of the genetic variance in AD must be determined by as yet unidentified loci. It has been suggested that there may exist as many as four additional loci with an effect equal or greater to that of APOE.
11
There are numerous reports of positive association findings in sporadic AD. The dominant approach has been to employ polymorphisms within candidate genes from biological pathways assumed to be involved in the pathogenesis of AD. Other than for APOE, significant association findings have been made for; alpha-2-macroglobulin (A2M), 12 interleukin 1A (IL1a), 13, 14 angiotensin converting enzyme (DCP1), 15 nitric oxide synthase (NOS3), 16 PSEN1, 17 PSEN2, 18 butyrylcholinesterase (BCHE), 19 dihydrolipoamide succinyltransferase (DLST), 20 Fe65 (APBB1), 21 oestrogen receptoralpha (ESR1), 22 cathepsin D (CTSD), 23 low-density lipoprotein receptor-related protein (LRP1), 24 bleomycin hydrolase (BLMH) 25 and tumour necrosis factor receptor superfamily member 6 (TNFRSF6). 26 The chance of identifying risk alleles in complex disease (eg APOE-e4 in AD) is primarily dependent upon the size of the effect of a particular gene in that disease and to the size of the population studied. On the basis that most association studies are performed on small to moderate sized single populations, the only way to confirm the importance of a risk allele in a disease is by replication. Attempts at replication have been performed on some of these genes, but results have in general been negative. The importance of independent replication has also recently been emphasised in response to the original finding of association with A2M and AD. 12, 27 There are a number of factors which may contribute to the inability to reproduce association findings in a complex disease. The results of the original studies may be false positives due to population stratification or lack of proper correction for multiple testing. In turn, results in follow up studies may be false negatives due to lack of power and/or differences in ethnic background. In the present study, we have addressed the question of whether or not any of the aforementioned genes are risk factors for sporadic AD in a Swedish population. Considering the strength of the effects reported in previous studies and given the size of our population, this study had 80% power (a=0.05) for detecting association in any of these genes if they had similar effects in this population. Data for the APOE-e4 allele have been obtained earlier for this material 28 and are therefore included for comparative purposes in this study.
Materials and Methods

Clinical materials
All patients and controls were of Swedish descent. The AD group consisted of 204 patients, 79 men and 125 women. The control group consisted of 186 individuals, 78 men and 108 women. None of the AD patients had a family history of dementia.
Of the 204 AD cases, 111 had a clinical and 93 a neuropathological diagnosis. All clinically diagnosed AD patients underwent a thorough investigation, which included a medical history, physical, neurological and psychiatric examination, screening laboratory tests, ECG, X-ray of the chest, EEG, and computerised tomography (CT) of the brain. The diagnosis of`probable AD' was made according to the NINCDS-ADRDA criteria. 24 All neuropathologically diagnosed AD patients also fulfilled the clinical NINCDScriteria for probable AD 29 and met the neuropathological CERAD criteria for definitive AD. 30, 31 Of the 186 controls, 76 were healthy volunteers, while 108 were autopsy cases. The healthy volunteers were individuals without history, symptoms or signs of psychiatric or neurological disease, malignant disease, or systemic disorders. Cognitive status was examined using MMSE, 32 and individuals with scores below 28 were not included as controls. The autopsy control group consisted of patients who had died from cardiac disease or malignant disease. Their medical records revealed no history of dementia, or psychiatric or neurological diseases. Post-mortem examination revealed no macroscopic infarcts, and upon histopathological examination low numbers of senile plaques and neurofibrillary tangles (NFTs) were found. All autopsy cases (AD and control) were matched by age at death and all clinically diagnosed AD cases and healthy volunteers were matched by age-at-onset/age-at-exam respectively.
PCR and choice of polymorphisms PCR primers were designed using Oligo version 5.0 software (Molecular Biology Insights, CO, USA) to amplify target genomic DNA fragments of 47 ± 60 bp which contained the polymorphism of interest centered within the product. Details of the PCR primer sequences and the sequences of the probes employed for genotyping (see below) are shown in Table 1 . In 13 of the chosen genes, the polymorphisms originally reported to be associated were genotyped and in two genes, different polymorphisms were used. These two latter cases were for DCP1 and PSEN2. For DCP1, a surrogate was used because of limitations in our genotyping technology for scoring large deletions (for which the original report was made). In the case of PSEN2, the original report was for a 3'-UTR variant and we chose to focus on an intronic variant. The DCP1 variation used was less than 200 bp from the common ALU insertion/deletion and the studied polymorphism for PSEN2 was less than 1 kb from the originally published variation. All oligonucleotides (primers and probes) were ordered from Interactiva GmbH (Germany) and were supplied after HPLC purification. annealing temperature (51, 55, or 588C)). Before being used for genotyping (see below), 5 ml of the completed PCR reaction was examined upon a 2.0% low-melt agarose gel to confirm successful amplification. In large-scale experiments, only a few random representative samples were tested in this way.
Dynamic allele-specific hybridization (DASH) DASH assays were conducted in a similar fashion to the method described previously, 33, 34 with details as follows. Two probes (shown in Table 1 ) were designed for each SNP, representing both allelic sequences complementary to the biotinylated strand of the PCR product. Biotinylated PCR products (20 ± 25 ml) were diluted to 50 ml with HEN buffer (0.1 M HEPES, 10 mM EDTA, 50 mM NaCl, pH 8.0). Of this, 25 ml was added to one well of a 96-well streptavidin coated microtiter plate (Omni-plate, Hybaid, UK) and surface binding was allowed to proceed for a minimum of 1 h at room temperature. The solution was then removed and 50 ml of 0.1 M NaOH was added at room temperature to cause bound PCR products to denature for 5 min. The NaOH solution was discarded, thus removing the unbiotinylated PCR product strand, and the well was rinsed with a further aliquot of 50 ml 0.1 M NaOH. A 50 ml solution containing HEN, Sybr Green I dye at a 1 : 10 000 dilution (Molecular Probes, OR, USA), and 30 pmol of one of the two allele specific oligonucleotide probes was added. The microtiter plate was sealed with a plastic cover and rapidly heated to 858C, and then cooled to 258C over 3 ± 4 min. This allowed the probe to hybridise to the bound PCR product strand, regardless of which alleles were present. The solution was replaced with HEN containing Sybr Green I dye at a 1 : 10 000 dilution. Plates were placed in a DASH instrument (Hybaid, UK) and dye fluorescence (proportional to the amount of duplex DNA present) was monitored while heating from 35 to 858C at a rate of 0.38C/s. Probe-duplex denaturation was determined by following the fluorescence decrease as temperature was increased. The assay procedure, beginning with the NaOH wash step, was repeated on the bound samples using the alternative allele specific probe. Genotypes were scored from fluorescence curves as previously described. 33 In this way, observed peaks in the negative first derivative plot of change in fluorescence with respect to temperature were taken to indicate the observed melting temperature (Tm).
Statistical analysis
Statistical differences in genotype and allele frequencies between cases and controls were ascertained using w 2 and
Fisher's exact tests. ANOVA and logistic regression were used to test for relationships between NFT scores and genotypes in autopsy confirmed samples as well as to assess differences in age of onset with respect to genotype in the whole AD set. These tests were performed using StatView version 5.0 (Abacus Concepts).
Principal Components Analysis (PCA) and Partial Least Squares (PLS) were used to reveal underlying structure in the whole sample of genotypes. These are data compression methods that summarise data tables using bilinearisation of a given data matrix. 35 In the case of PLS the compressed descriptor matrix is regressed to a similarly compressed response matrix whereafter the correlation between the object vectors, derived from the respective matrices, is optimised. 36 The PCA is normally a straightforward tool for revealing major variance structure and clustering. 37 In cases where the clustering is subtle however, one can introduce retrospective knowledge of expected clustering, eg clinical diagnosis, to enhance the power of the PCA by regressing it to a discrete variable comprising such information, ie PLS discriminant analysis (PLS-DA). 38 The PLS-DA does not bias the description matrix as such but changes the angle from which the data is observed to the most favourable for the purpose of the study, as provided by the discrete regression variable. In the present study 204 AD patients and 186 controls were included and the 16 SNPs were coded 0, 1 or 2 for the occurrence of the least frequent allele. Gender was also included in the analysis. The regressor was a dummy variable indicating AD as 1 and control as 0. Model validation was made by the default tool kit provided by the software (SIMCA-P, 8.0) mainly driven by the cross-validation procedure set to dividing the total data-set into seven groups and leaving one group out for prediction. 39 
Results
We have attempted to replicate a large number of association studies which each point to the involvement of a specific candidate gene in the aetiology of sporadic AD. To begin this project, we first determined whether or not our sample would have sufficient power to detect the previously reported associations. The reported odds ratios for previous studies ranged from 2.04 ± 12.8. Using the frequencies of the risk factors for which those odds ratios were obtained as a basis, we estimated that our sample had over 80% power to detect all of the previously reported effects (a=0.05). The association between APOE-e4 and AD is also highly significant in our material (for possession of the e4 allele; OR=5.2, CI=3.35 ± 8.04, P50.0001) 28 suggesting sufficient power to detect associations in loci with much smaller effects. The w 2 derived significances for the genotype frequency differences between cases and controls are shown in Table 2 . In general, genotype and allele frequencies were similar to those of the original publications in which association was reported. There were no significant deviations from Hardy-Weinberg equilibrium for any of the studied polymorphisms. Among all of the tests that were performed in this study, only two positive findings were made. We found a significant increase in the frequency of heterozygotes for the BCHE polymorphism in controls compared to AD patients when Replicating association findings in Alzheimer's disease JA Prince et al 440 conditioned for individuals who lacked the APOE-e4 allele (P=0.003). This result differed from the association which was originally found for this variant in which a significant enrichment of AA-homozygotes was found in APOE-e4 carriers. 19 We also found evidence for an effect of the TNFRSF6 AA-genotype on age of onset in AD. The average age of onset in AA-homozygotes at this variant site was 4.5 years less than for GG-homozygotes (mean+SD: 73.8 years+6.7 for GG-homozygotes; 69.3 years+9.7 for AAhomozygotes; P50.05). This finding also differed from the original finding of association at this locus. 26 We interpret both of these results (TNFRSF6 and BCHE) with caution given the number of tests that were performed in the whole study as well as lack of agreement with the original studies in which association was found. Application of a Bonferroni correction to both the BCHE and TNFRSF6 results eliminates the significance of the findings. There were no other significant findings in any of the other loci in terms of age of onset in this study.
With the exception of the findings for TNFRSF6 and BCHE, we found no other evidence of genotype or allele association in any of the 15 studied loci in this AD sample. We also failed to find any other significant association after conditioning all genotypes for APOE-e4 status (ie carrier or non-carrier of the Significance was determined by we4 allele). No relationship between the studied polymorphisms and NFT scores in the autopsy confirmed subjects was found. The loss of a few samples in both cases and controls seen in Table 2 were due to PCR failures. This was probably a result of low quantities of genomic DNA in those wells as the same samples tended to amplify poorly in all assays. Initial modelling with PCA revealed a low degree of structure in the data. To enhance the search for clusters PLS-DA was applied and also this method failed to find significant principal components as judged by cross validation. Such outcome indicates that the major variation of the data had little in common with the regressor, namely the diagnostic group (AD or control). Inspection of the score plot for the two first principal components revealed an enrichment of AD patients in one end coinciding with the effect of the APOE-e4 allele (see loadings as plotted in Figure 1 ). All other genotypes and gender comprised a random distribution compared to the regressors AD vs controls. In addition to linear PLS-DA, we also investigated possible non-linearity by introducing all possible square and cross-terms to the modelling. However, this did not improve the clustering power of the present data set.
Discussion
The genetics of sporadic AD is complex, involving the interaction of a number of genes and the environment. It has been suggested that there may be as many as five independent loci which have a large effect on the development of sporadic AD. 11 The most convincing evidence for an allelic association in AD is in the APOE locus. 7 The search for other loci of large effect in AD over the past 8 years however has been dizzying, with a large number of positive findings for which replication studies have generated negative results as well as a number of studies in which replication has not yet been attempted. In the present study, we have extracted the most significant findings in sporadic AD from the literature and performed association studies on either those reported polymorphisms (13 cases) or on polymorphisms within the genes of interest but in close proximity to the polymorphisms for which association was reported (two cases). We found no strong evidence for genetic association among the 15 tested variants in this AD sample. While we cannot exclude a biological effect for any of the studied genes, our data suggest that the effect would have to be small (OR51.8) in order to avoid detection. How should we reconcile our inability to replicate any of the original association findings? It is important to emphasise that these results by no means entail that the original findings were wrong. Our study differed in several respects to the original reports. First and foremost, we cannot exclude the possibility that our population differs from the initially studied populations in terms of allelic or non-allelic heterogeneity. If the gene effects previously reported are specific to the studied populations then we would invariably be biased in our results using a different population. The range of Figure 1 The initial genotyping variable correlations to the compressed and diagnosis biased genotype vectors (w1 and w2), indicating random correlation for all genotypes except the ApoE4 allele which correlated with the AD phenotype. The direction of the discriminant indicator (c1 and c2) was superimposed for clarity of direction (ie AD vs controls).
Replicating association findings in Alzheimer's disease JA Prince et al 442 populations used in previous studies was large (primarily from the US and Europe), but none employed Swedish or Nordic individuals. The possibility also exists that the studied polymorphisms may be in linkage disequilibrium (LD) with a true pathogenic variant, and that the extent of LD may have been higher in the original populations. Performing association studies using numerous polymorphisms within the same gene has been suggested as a possible solution to this 40 and may also be the only solution to avoiding the problems of allelic heterogeneity. In two of the 15 genes (DCP1 and PSEN2), we used polymorphisms that were in close proximity to those originally reported. There is debate about the extent to which LD will allow for the detection of pathogenic variants via surrogate polymorphisms, but the suggestion is that useful association may extend as far as 50 kb. 41 We attempted to use the closest available variants, but this may have nonetheless led to our inability to replicate those findings. In a few of the original studies, the most significant findings were made in early onset cases. The majority of our cases had an age of onset over 65 years of age. We did attempt to stratify our study into 565 years and 565 years for age of onset, and while results were negative, this causes perhaps too great a reduction in power since the number of individuals in the former group is quite small (540). It is thus possible that some of the original findings may have been made due to enhanced gene effects in early onset cases.
To investigate if putative combinations of SNPs might result in an additive risk for AD, we also performed multivariate analysis. For this we employed PLS-DA, which maximises the ability to reveal clustering in a given data set with an indication of which genotypes correlate to the AD-diagnosis. In the initial linear model the only correlating SNP was the APOE-e4 allele. However, a linear model would not reveal whether or not certain combinations of alleles that might be associated with increased risk for AD (eg the exponential increase in risk for cardiovascular disease by smoking, high cholesterol and obesity). Therefore, a non-linear PLS-DA was undertaken that included all possible cross and square combinations of the alleles. This analysis also failed to find any further association to AD except for the APOE-e4 allele.
In conclusion, results suggest that with the exception of possession of the APOE-e4 allele, none of the other investigated SNPs contribute substantially to the development of AD in this sample. While we cannot completely exclude the potential influence of these genes in AD (dependent upon their effect size), the fact that we were unable to replicate previous findings illustrates the fact that there are still issues that need to be resolved if association studies are to be successful in identifying genetic risk factors in complex disease. This includes the need for larger and perhaps better defined case-control populations, stricter statistics (with an adequate correction for multiple testing) and most importantly, because there may be considerable population differences, a forum for the publication of negative results.
